Rutile CrO2 is the most important half-metallic material with nearly 100% spin polarization at the Fermi level, and rutile TiO2 is a wide-gap semiconductor with many applications. Here we show through first-principles investigation that a single-unit-cell CrO2 layer on rutile TiO2 (001) surface is ferromagnetic and semiconductive with a gap of 0.54 eV, and its electronic state transits abruptly to a typical metallic state when an electrical field is applied. Consequently, this makes an interesting electrical switching effect which may be useful in designing spintronic devices.
It is always interesting to search for new spintronic materials and new functional composite materials [1, 2] . Rutile CrO 2 is one of the most famous spintronic materials because its nearly 100% spin polarization at the Fermi level [3] [4] [5] [6] [7] [8] [9] [10] , and rutile TiO 2 is a semiconductor with a semicondutor gap of 3.0 eV which can be used to make dilute magnetic semiconductors, solar cells and so on [11] [12] [13] . Recently, there is an ever-large interest to synthesize ultrathin CrO 2 films on TiO 2 and use them to make interesting devices in order to combine the merits of the CrO 2 and TiO 2 [14] [15] [16] . Here, we perform first-principles investigation on epitaxial ultrathin CrO 2 layers on rutile TiO 2 (001) surface under slab model approach, and thereby find that an epitaxial single-unit-cell CrO 2 layer on rutile TiO 2 (001) surface is semiconductive, in contrast with metallic state in rutile CrO 2 bulk, and its electronic state will transit abruptly to a metallic state when an electric field is applied on it. These results indicate that there is an interesting electric switching effect in this composite material. It could be useful in designing interesting devices. More detailed results will be presented in the following.
We use the plane wave plus pseudo-potential method within the density functional theory (DFT) [17] , as implemented in VASP package [18, 19] , to study the singleunit-cell layer of CrO 2 on rutile TiO 2 (001) surface. The two Cr-O monolayers are put on the TiO 2 (001) surface (infinite number of Ti-O monolayers) and there is the infinite vacuum on the CrO 2 layer. We construct finite slab models to describe the infinite system. Our main computational slab model consists of two Cr-O monolayers, seven Ti-O monolayers, and a vacuum layer with a thickness of more than 10Å, as shown in Fig. 1 . A larger slab model with eight Ti-O monolayers is used to make sure that our slab model is reasonable and large enough to capture main physics of the composite system, especially when electric field is applied. The lower TiO 2 surface in the slab model is artificial, but it will be shown to have no effect on main electronic properties around the Fermi level. The generalized gradient approximation (GGA) [20] is used for the exchange-correlation functionals, and the semicore Cr p and Ti s states are taken into account. For Monkhorst-Pack grids of k-points, 6 × 6 × 1 (4×4×1) is used to optimize the structure and 12×12×1 (8 × 8 × 1) is used to calculate the energies, density of states, and bands for 1 × 1 ( √ 2 × √ 2) primitive cell. The plane wave cut-off energy is set to 500 eV. The criteria of convergence is 0.01 eV/Å for ionic optimization and 10 −6 eV for electronic self-consistent calculations. The direction of electronic field is along the -z direction. Rutile TiO 2 crystal assumes a tetrahedral structure with lattice constants of 4.594Å and 2.958Å [11] , and rutile CrO 2 crystal has the same crystal structure with similar lattice constants of 4.421Å and 2.916Å [3] [4] [5] . For the rutile TiO 2 , our calculated lattice constants are a = b = 4.6503Å and c = 2.9718Å. They are a little larger than the experimental values because we have used GGA which usually yields a little larger lattice constants for semiconductors. The slab structures have space group Pmm2 (#25). We divide optimization into two stages. At first stage, we allow only the Cr-O monolayers and the top three Ti-O ones to relax during optimization.
With such optimization, we find that the Ti dz 2 and dxy orbitals of the bottom Ti-O monolayer, forming the artifact surface, can be near the Fermi level and substantially influenced by applied electronic field. To remove this artificial effect, we make further optimization by allowing the bottom three Ti-O monolayers to relax, fixing the middle Ti-O monolayer only. By doing so, the artificial lower surfaces disappear from electronic states in the energy window of -0.8 and 1.0 eV.
For zero electric field, the ground-state phase is ferromagnetic semiconductor with magnetic moment 4µ B , because its total energy is lower than the ferrimagnetic structure (magnetic moment 2µ B ) and the antiferromagnetic one (magnetic moment 0µ B ) by 201 and 427 meV (normalized to the atomic number of the ferromagnetic structure), respectively. The ferrimagnetic order is constructed by letting the Cr moments in the two Cr-O monolayers orient anti-parallel, and the antiferromagnetic order by doubling the size of the unit-cell in the xy plane. For the ferromagnetic phase, the most noticeable structural feature is that the surface O atom substantially moves upward so that its bond lengths with the subsurface and surface Cr atoms become 2.432 and 1.669 A, in contrast with the bulk values 1.918 and 1.913Å, respectively. As for its magnetic properties, a unit cell contributes a magnetic moment of 4µ B , most of which comes from the subsurface Cr (2.80µ B ) and the surface Cr (0.91µ B ). We present its total and partial density of states (DOS) in Fig. 2 . It is clear that the effect of the lower TiO 2 surface is invisible between -1 and 1 eV, and therefore our slab model is reasonable to describe the main electronic and magnetic properties of the singleunit-cell CrO 2 layer on rutile TiO 2 (001) surface. The DOS between -1.0 and 1.0 eV is contributed by the Cr-O monolayers and the neighboring Ti-O monolayer, with more than 60% of that between -0.8 and 0 eV originating from the subsurface Cr-O monolayer.
The ground-state phase is still stable when an electric field is applied perpendicular to the surface, until the electric field reaches to e c = 1.285 V/Å. At this electric field, there is a phase transition from the semiconducting phase to a metallic one. For convenience, we denote the two phases by A and B in the following. Actually, phase A can be obtained as self-consistent solution of the system for all the applied electric fields between 0 and 1.4 V/Å, and phase B between 1.0 and 2.0 V/Å. Phase A is semiconductive and B metallic, but both are ferromagnetic. Applying electric field does not substantially change the structure and electronic properties for either type-A or type-B phase. We compare their total energies in Fig. 3 . Clearly, there is a transition point of electric field, e c , at which the stable phase transits from type A to type B structure. Furthermore, we have estimated the potential barrier of the phase transition from structure A to B by considering those structures which are linear mixture of structures A and B. The barrier of the phase transition at e c = 1.285 V/Å is equivalent to 32 meV. This phase transition causes the Cr-O bond lengths to transit from 2.319 and 1.678Å to 1.921 and 1.774Å, respectively. The phase transition makes the moments of the surface and subsurface Cr transit from 0.962 and 2.806 µ B to 1.652 and 2.349 µ B , respectively. These big changes over the phase transition should be observed experimentally. In Fig. 4 presented is dependence of the spin-resolved electronic DOS on the applied electric field. It is clear that there is a semiconductor gap of about 0.6 eV and the The lowest-energy structure is type A until the electric field reaches to 1.285V/Å, and it transits to type B at 1.285V/Å. In each panel, the upper part is the majority-spin DOS, and the lower part the minority-spin one.
electronic DOS does not change much when the applied electric field increases from zero to e c , as shown in Fig.  4(a)-(d) . When the electric field exceeds e c =1.285V/Å, the semiconducting state is replaced by a metallic one of type B, as shown in Fig. 4 (e)-(f). In addition, we can see that the structure B is half-metallic, and the electronic states of structure B around the Fermi level are mostly contributed by Cr and O in the CrO 2 layer, and its electronic DOS is not sensitive to the value of electric field. The phase transition is also accompanied by an abrupt transition in the electronic states from a semiconductor of structure A to a metal of structure B. In order to show the abrupt transition, we present in We also investigate possible magnetic fluctuations against the ferromagnetic stable state by calculating total energies of the slab model with other magnetic configurations with respect to the stable-state total energy when electric field is applied. Similar ferrimagnetic states and antiferromagnetic states are considered as we did for the field-free case. The ferrimagnetic and antiferromagnetic states are both at least 162 meV higher in total energy than the optimal structures for all the electric fields we calculate.
In addition, we perform total energy calculations by taking the spin-orbit coupling into account. Our results show that the magnetic moment is in the xy plane in both of the two phases. For phase B, the spin-orbit coupling has little effect on the density of states around the Fermi level, causing a reduction of at most 0.05% in the spin polarization at the Fermi level.
Our structure analysis shows that, for the ground-state phase, there is little overlapping between O atoms, and the surface Cr has four O neighbors and so does the subsurface Cr because it is 2.432Å (1.918Å in the bulk) far from the surface O. This is in contrast with the six O neighbors of Cr in CrO 2 bulk. For Cr in this case, its O crystal field appears more like tetrahedral structure than octahedral one in bulk CrO 2 , and the tetrahedronlike crystal field makes the Cr 3d eg states lower than the t2g ones. The eg-dominated states are fully occupied and the t2g-dominated ones completely empty. As a result, the CrO 2 single-unit-cell layer on TiO 2 (001) surface, without electric field applied, exhibits a semi-conductive behavior. Our magnetic moment and electron number analysis shows that the surface Cr and subsurface Cr have nearly effective chemical valences 5+ and 3+, respectively, in contrast with 4+ in the bulk. When the electric field increases, the surface O atom is compressed downward. At the phase-transition point, the compression makes the bond length between the subsurface Cr and the surface O transit from 2.319Å to 1.921Å, so that the subsurface Cr can be considered to have six O neighbors, being more like that in CrO 2 bulk, and hence the metallic phase returns. Despite the configuration of structure B is much more similar with bulk CrO 2 than structure A, its conductivity is not contributed by O-O overlapping. The projected DOS of structure B indicate that almost all of those states between -0.4 eV and the Fermi level are contributed by the two Cr-O layers. The subsurface Cr, surface Cr, subsurface O, and surface O contributes 48%, 13%, 11%, and 9% to the highest occupied states (HOS), respectively. The fact that the subsurface Cr is dominating in HOS and O in the highest Ti-O layer does not affect the HOS also supports our conclusion from bond length analysis. It is the transition of the bond length between the subsurface Cr and the surface O that makes this semiconductor-metal transition. It is interesting that the effective chemical valences of the two Cr ions in the B phase are more similar to that of CrO 2 bulk. These make a simple picture for the semiconductive ground-state phase and its field-driven phase transition to the metallic phase. Now we address experimental feasibility of making a single-unit-cell CrO 2 layer on rutile TiO 2 (001) surface. Our total energy calculations show that on the TiO 2 surface, one single-unit-cell CrO 2 layer (two Cr-O monolayers) is much more stable than both one and three Cr-O monolayers. On the other hand, high-quality singleunit-cell FeSe layers have been successfully fabricated on SrTiO 3 surface [21] . Therefore, it is reasonable to believe that high-quality single-unit-cell CrO 2 layers can be realized on the rutile TiO 2 surface.
In summary, we have investigated electronic properties of the CrO 2 single-unit-cell layer on TiO 2 (001) surface by using a slab approach and density-functional-theory calculations, and thereby found that its ground-state phase is semiconductive and it will transit to a metallic phase when the electric field exceeds a phase-transition point. We elucidate the physical mechanism behind these results. Our further analysis shows that the phase transition is abrupt in the electronic state and therefore there is an electric switching effect in this system. This electric switching effect is interesting and should be useful in designing future spintronics devices. This work is supported by Nature Science Foundation of China (Grant No. 11174359) and by Chinese Department of Science and Technology (Grant No. 2012CB932302).
